BaCe 1 − x Y x O 3 − δ (BCY) and BaCe 0.8 − y Zr y Y 0.2 O 3 − δ (BCZY) perovskite mixed metal oxides were synthesised by an aqueous sol-gel technique to be investigated for their suitability in intermediate-temperature catalytic applications such as Electrochemical Promotion of Catalysis. The hydration capacity and the stability under CO 2 environments of the samples were studied using thermogravimetric analysis. Based on the evaluation of these properties, BaCe 0.6 Zr 0.2 Y 0.2 O 3 − δ (BCZ20Y20) was selected as the membrane support for wireless Electrochemical Promotion for CO oxidation on Pt. In a dual-chamber reactor, the use of H 2 /H 2 O flow in the sweep side induced promoting species supply to the catalyst in the reaction side of the reactor. Moderate promotion of the catalytic rate up to 10% was observed for temperatures up to 650°C, while this promotional effect was reversible and repeatable. The encouraging preliminary catalytic experiments together with the membrane's stability under the applied conditions reinforce the candidacy of BCZY membranes for intermediate-temperature applications in catalytic membrane reactors.
Introduction
After Iwahara et al. [1] reported for the first time hightemperature proton-conducting ceramics, several perovskite-type oxides have been listed as potential proton conductors.
Among these, yttrium doped-barium cerate-BaCe 1 − x Y x O 3 − δ (BCY) has been reported as the most prominent proton conductor [2] . Here, x amount of Y 3+ substitutes Ce 4+ in the BaCeO 3 lattice, creating a maximum of δ = x/2 oxygen vacancies; the actual number of vacancies will depend on the degree of hydration and oxidation of the material under a given set of conditions. The created oxygen vacancies are therefore proportional to dopant concentration of the material and can be used for protonic transport by incorporation of hydrogen into the crystal lattice according to the following reactions (in wet and dry atmospheres respectively): proton transport involves Bproton hoping^via the Grotthuss mechanism between lattice oxygen sites.
Where, according to the Kroger-Vink notation, V Depending on the conditions, Y-doping can enhance proton conductivity of BaCeO 3 and/or induce oxygen ion conductivity as well. At low temperatures, BCY behaves as a pure proton conductor, but at higher temperatures, there is competition between proton and oxygen ion conduction. Between 500 and 600°C, proton conductivity dominates while for 700-800°C this is reversed [3] . Despite its huge potential as a proton-conducting solid electrolyte, H 2 -permeable membrane and H 2 O-permeable membrane, BCY has been reported to be chemically unstable in CO 2 atmospheres, where the BaCeO 3 structure disintegrates to BaCO 3 and CeO 2 according to the following equation [4] :
Several studies [5] [6] [7] have indicated that further substitution of Ce 4+ with Zr 4+ results in a more chemically stable compound BaCe 1 − x − y Zr y Y x O 3 − δ (BCZY) in CO 2 environments. However, it is known that zirconate-based electrolytes have a greatly reduced conductivity compared to BCY [1, 8] and the challenge lies in finding the optimum ratio between Ce 4+ and Zr 4+ to obtain a conductive and stable material. Other investigations [9] [10] [11] [12] [13] [14] have shown that for concentrations of Zr 4+ of 20-40% in the lattice, the chemical stability is enhanced without much expense of proton conductivity. The present study investigates the hydration properties and stability under CO 2 environments via thermogravimetric analysis of BCY and BCZY powders synthesised via an aqueous sol-gel method [15] . Several Y-and Zrdoping levels were tested in order to produce a material that can be applicable and simultaneously effective for electrocatalytic applications, in particular Electrochemical Promotion of Catalysis (EPOC) reactions of environmental importance. In EPOC, a conducting support can be used in spontaneous reactions to activate and tune a heterogeneous catalyst to an extent that is higher than the value predicted by Faraday's law. Specifically, the activity and the selectivity of metal catalysts interfaced with an ionically conducting support can be modified in situ and reversibly by the application of small currents or potentials between the catalyst film and an auxiliary electrode. The phenomenon has been recently summarised in a number of reviews [16, 17] . In addition, for supports with mixed ionic and electronic conductivity (such as BCZY), a wireless configuration has also been proposed by Poulidi et al. [18] [19] [20] [21] [22] [23] utilising a chemical potential difference of the promoting species across a dense membrane supporting the catalyst. Wireless EPOC has been observed using both mixed oxygen ion and electronic conductors [18] [19] [20] [21] [22] or mixed protonic and electronic conductors [23] in different reactor configurations. In this work, the most promising composition of BCZY evaluated in terms of stability under CO 2 environments was used for the wireless EPOC of CO oxidation on a Pt catalyst. This is the first attempt to electrochemically promote a catalytic reaction with the use of a BCZY membrane and without an external circuit. Due to low electronic conductivity within the tested temperature range (350-750°C), these membranes present limited hydrogen permeation fluxes, i.e., in the order of magnitude of 10 −3 -10 −2 mL cm −2 min −1 in the thickness range of 1- 
Powder characterisation
The powders were characterised through XRD analysis; the corresponding patterns were collected in a Panalytical X'Pert PRO Diffractometer at room temperature. Identification of the crystalline phases was obtained via Panalytical X'pert Highscore Plus software, equipped with the ICSD database. Hydration experiments were performed by thermogravimetric analysis (TGA) using a TGA Q5000 V3.17 Build 265 Instrument. The first step for all tested samples included an initial drying/dehydration step which consisted of heating the sample from room temperature to 1000°C at a ramp rate of 10°C min −1 under a flow of 25 ml min −1 N 2 and then cooling down (using the same ramp rate and flow conditions) to the starting temperature of the hydration experiments. Following this step, dynamic TGA experiments were run from 100 to 700°C at a ramp rate of 10°C min
, while isothermal experiments were run at 450°C for a period of 6 h. These experiments were carried out for all BCY and BCZY powders. During the 'hydration steps', the nitrogen stream was humidified through a glass bubbler filled with water. The glass bubbler was kept to the laboratory temperature which was ca. 20°C with a corresponding vapour pressure of 2.3 kPa.
Chemical stability was tested through three different methods of TGA. The BCY samples were tested only through the first method, while for the BCZY samples, all three methods were used. In all cases, the samples were heated from 30 to 1000°C and subsequently were cooled from 1000°C to the initial temperature of each method with a 10°C min 
Catalytic experiments
Catalytic experiments on CO oxidation using a wireless Electrochemical Promotion configuration were conducted in a dual-chamber membrane reactor comprising of a BCZY dense pellet membrane separating the two reactor chambers. The reaction took place in one chamber of the reactor while the other chamber was used for the sweep gas that controlled the migration of promoting species to and from the catalyst surface area. The wireless EPOC reactor and experimental method have been described in detail in work by Poulidi et al. [18] and a similar setup was used in this work. The probe reaction was carried out at different temperatures, i.e. 350, 550, 650 and 750°C using a total flow rate of 200 ml min −1 . The partial pressures of CO and O 2 in the reaction chamber were at 1 and 10 kPa, respectively. The balance of the reaction mixture was He. The purpose for using excess of oxygen is to prevent carbon deposition and subsequent poisoning of the catalyst. The unmodified reaction rate was obtained using Ar in the sweep side of the reactor, while protonic species were supplied to the catalyst in order to promote the catalytic activity via the use of a 15% H 2 /2.3% H 2 O (balance Ar, total flow rate 100 ml min
) sweep on the reaction side. The use of different balance gases in the reaction and sweep sides allowed for the detection of leaks (not observed for the duration of these experiments). A Vaisala GMP343 CO 2 analyser was connected to the reacting chamber outlet to measure the concentration of produced CO 2 . The reaction rate was calculated in micromole per second per square centimetre, i.e. CO 2 production rate over the projected catalytic surface area.
Stability of BCZ20Y20 membrane
The stability of the membrane in the applied conditions during the catalytic tests was evaluated through XRD. Due to experimental difficulties for detaching/re-attaching the used membrane from/on the reactor, a similar Pt/ BCZ20Y20/Pt membrane was placed in a single-chamber reactor and exposed in similar conditions for 24 h at each tested temperature. 
Results

Synthesis
The XRD patterns of all the prepared samples are presented in Fig. 2a . A pure perovskite phase was obtained in every case and there were no appearance of peaks related to the precursors or secondary phases. However, the shoulders on the main peaks of BCZ40Y20 indicated the existence of a very minor perovskite phase with slightly smaller lattice. Similar 'shoulders' were observed by Della Negra et al. [26] Figure 2b shows a closer view of the peak between 50°and 53°in order to highlight the effect of Yand Zr-doping on the XRD pattern and the induced peak shift. For BCY samples and higher substitution of Y 3+ , the main peaks are retained at the same angle. This comes in disagreement with the fact that the higher ionic radius of the dopant Y 3+ ions (R III = 0.9 Å) in comparison to this of the substituted Ce 4+ (R IV = 0.87 Å) [28] should have resulted in increased dspacing and consequently (due to Bragg's law) in decreased angles of the peak positions. However, Knight et al. [29] previously reported that for low level of Y-doping, the crystal system and the space group of barium cerate are retained with a very limited effect, because of the good match between the effective ionic radius of Y 3+ and Ce
4+
. A shift in higher angles was observed in the peak positions of BCZY samples increasing the Zr content against Ce. This can be justified by the smaller ionic radius of the six-coordinated Zr 4+ ions (R IV = 0.72 Å) when compared to that of Ce 4+ [28] . The effect of the calcination treatment on the structure of BCZY powder is shown in Fig. 3 . Calcination at 1250°C for 10 h did not result in a single perovskite phase. A BaZrO 3 phase existed in all BCZY samples, while for higher amount of Zr dopant, a ZrO 2 phase was also formed possibly due to excess of Zr 4+ . Calcination at 1400°C for 24 h led to the formation of the required Ba-Ce-Zr-Y oxide phase with no significant presence of secondary phases.
Water uptake experiments
The hygroscopic behaviour of the BCY powder was studied first using a heating rate 10°C min −1 from~30 to 700°C as described earlier and is shown in Fig. 4 . The initial treatment with 'dry' N 2 (not shown here) was sufficient to fully dry the powder. In theoretical basis, the maximum water uptake should be linearly depended on the Y-substitution and the oxygen vacancy concentration (1/2 oxygen vacancy per dopant ion) [30] . In our experiments, the direct relation between Y-doping concentration and hydration capacity was confirmed. Higher Y-content on the B-site resulted in an increase in the water uptake and BCY20 exhibited the highest weight gain of 0.4%. By assuming a one-to-one relation (on a molar basis) between water uptake and oxygen vacancies, the theoretical maximum water uptake which corresponds to 100% of the oxygen vacancies for BCY5, BCY10 and BCY20 is 0.14, 0.28 and 0.57 wt%, respectively. Hence, the protonic defect concentration was measured as 60, 54 and 70% of full capacity for BCY5, BCY10 and BCY20, respectively. However, these values were lower than others reported in the literature [31] [32] [33] possibly due to relatively high heating rate used in this work. It has been shown that the dehydration temperature decreases with lower Y-content [31, 34] , and thus, the heating rate of 10°C min −1 did not allow the samples with the lower Y-content to reach their full hydration potential. For this reason, we decided to also investigate the isothermal water uptake at 450°C (shown in Fig. 5 ), which is a temperature of interest for EPOC applications in particular that are of interest to our group. In this case, the protonic defect concentration was almost independent on the Y-content and values of more than 80% saturation were obtained for all BCY samples (illustrated by the red line in Fig. 5a ). These results were in a good agreement with data presented by Kruth et al. [24] (ca.80% OH
• O Â Ã for BCY5 and BCY10). Ricote et al. [25] and Oichi et al. [26] presented slightly higher values during isothermal measurements, but this could be related to different flow conditions (oxidising atmospheres) used in their work.
Taking into account these results, it was decided to test Zr 4+ substitution on Ce 4+ only for BCY20 which presented the highest hydration capacity and fastest respond to hydration that is associated with high protonic conductivity. The effect of Zr-doping on the BCY20 water uptake capability at 450°C is shown in Fig. 5b . The amount of water that was incorporate in the lattice gradually decreased with Zr content and OH respectively. Higher content of zirconium decreases the difference in electronegativity of the cations in the B-site of the perovskite lattice and consequently the hydration enthalpy becomes more negative [35] . Thus, the proton concentration should decrease with higher zirconium content when hydration is tested at a specific temperature. Same behaviour was reported by Ricote et al. [25] but with a lower expense in protonic defect concentration for increasing Zr-doping.
Chemical stability in CO 2 atmospheres
The chemical stability of the BCY and BCZY powders was tested in a CO 2 environment (100%) for temperatures up to 1000°C, as shown in Fig. 6 . All the samples were stable up to approximately 400°C. Increasing level of Y-doping induced a decrease in the decomposition onset temperature and a slight improvement in stability up to ca. 700°C, while the final weight gain was similar for all compositions, i.e. 11.5-12% (Fig. 6a) . For the BCZY powders, the decomposition onset temperature increased with Zr content (from 400 to 700°C), while the overall CO 2 weight gain showed a decreasing trend. BCZ40Y20, in particular, was extremely stable under these conditions, while for BCZ20Y20, a weight gain of only ca. 2% was obtained after 600°C. Virkar et al. [36, 37] have correlated the stability of perovskites with the Goldschmidt tolerance factor, t, which is parameter that describes the distortion of the structure from the ideal cubic perovskite structure and defined as:
where r A , r B and r O are the ionic radius of A, B and O atoms in the lattice. Perovskites with values of tolerance factor that approaching unity are more stable. According to the calculated tolerance factor values for all the tested materials (Table 1) , the stability test presented in Fig. 5 confirms this theory. The same behaviour to that discussed previously (Fig. 6b) for the BCZY samples was observed for a slower heating rate (5°C min ) and a narrower temperature range (up to 600°C); this data is not shown here. Next, the powders were tested in CO 2 atmospheres through isothermal TGA at three different temperatures: 400, 450 and 500°C for 5 h which is approximately equal to the duration of a typical EPOC experiment. The weight gain at the end of each run is shown in Fig. 7 . The hypothesis of zirconium effect on stability was confirmed for this case as well, but the remarkable feature was that BCZ20Y20 presented high stability and equivalent to this of BCZ40Y20 at 400 and 450°C. The summary of these experiments including quantification of decomposition in [BaCO 3 ] % is given in Table 2 . These results are in a very good agreement with other similar studies; for example, Sawant et al. [11] recorded ca. 1.25% and ca. 2.25% weight gain for BCZ40Y20 and BCZ40Y20, respectively, after a dynamic TGA from 100 to 900°C with a 10°C min −1 heating rate. In the present study, the values for the same samples in the experiment with same conditions corresponded to ca. 0.5% and ca. 2 wt%, respectively. The conclusions drawn from the above experiments were strengthened by XRD analysis presented in Fig. 8 , where the XRD patterns of the fresh samples were compared with those of the samples after all the TGA experiment under a flow of CO 2 . For the sample without Zr-doping, BCY20, there was decomposition even after 600°C, while after 1000°C or 5 h at 500°C, extended presence of BaCO 3 and CeO 2 phases were identified in the structure and the main peaks of perovskite structure disappeared. Zirconium substitution of 10% in the B-site resulted in significant appearance of these phases only after heating up to 1000°C to CO 2 . No actual changes in the structure of BCZ20Y20 and BCZ40Y20 were observed in both cases, confirming the great stability of these materials in CO 2 exposure.
The thermogravimetric data obtained for the reaction of BCZY with CO 2 were analysed further to evaluate the decomposition reaction kinetics. Activation energy values, E a , were determined by two different methods for the Zr-substituted samples. Evaluation of reaction kinetics for each composition was accomplished by Kissinger's method [38] , where the change of the temperature (corresponding to the maximum reaction rate) is described as a function of different heating rates, according to the following equation:
where β is the value of the constant heating rate, A is the Arrhenius pre-exponential factor, T is the temperature that corresponds to the maximum reaction rate and R is the gas constant. Assumption for first-order reaction was made so that Eq. (5) is valid. A previous study [39] has shown that application of Kissinger's formula even in other than first-order kinetic models leads to only a less than 5% deviation from the actual activation energies for values of (E a /RT) greater than 10. Hence, the TGA data collected for the scans of 5°C min −1 to 600°C and 10°C min −1 1000°C in CO 2 , as presented in Fig. 7 , was used with Eq. 5. Figure 9a shows the plots of ln(β/T 2 ) versus 1/T for each composition and the slope of this lines corresponds to -(E a /R) values. Zirconium addition gradually decreased the reaction activation energy from 177 to 53 kJ mol −1 and increased perovskite resistance against CO 2 .
For the second method of activation energy determination, the isothermal TGA data was applied to the Jander model [40] . This model has been widely used to analyse kinetics of gas-solid reactions controlled by cation diffusion (such as Ba 2+ in the present case). Also, it has been already applied to define the effect of Zr-doping on the apparent rate constant, k , and the activation energy of the BCZY decomposition reaction [41] . Using this model, the weight changes, Δw, of BCY20 and the different BCZY samples obtained during the isothermal TGA experiments at 400, 450 and 500°C in CO 2 were converted to reaction rate ratio, α, according to the following equation:
where w tot is the theoretical maximum weight gain if BCZY was completely decomposed. The reaction kinetics are described by Jander's function as follows: After weight changes were converted to reaction ratios,
was plotted against time to estimate k ′ as the slope of each line (Fig. 9b) . The results of the kinetic analysis by the two methods are presented in Table 3 . Similar values of activation energies were determined using both methods for all the sample with the exception of BCZ40Y20 where a more significant variation between the two methods was observed.
The deviation between the two calculations of the activation energies for this material is probably rationalised by the aforementioned limitation of Kissinger's method since for this sample the value of (E a /RT) was not higher than 10. According to this data, Zr-doping reduces the energy barrier for BCZY decomposition; however, the reactivity with CO 2 is restricted as the pre-exponential factor, A, is diminished by several orders of magnitude for increasing Zr content. Similar findings were reported by Okiba et al. [41] who employed Jander method and analysed the kinetics of Zr-doped BaCe 0.9 Y 0.1 O 3 − δ with CO 2 : activation energies were reduced from 213 to 79 kJ mol −1 with Zr substitution between 0 and 30%.
Overall, while both BCZ20Y20 and BCZ40Y20 both showed excellent stability under CO 2 environments, it was decided to move forward with the composition containing less Zr (i.e., BCZ20Y20) due to the better hydration and sinterability of this material.
Wireless electrochemical promotion of CO oxidation on a Pt/BCZY catalyst BCZ20Y20 was used for proof-of-concept experiments on wireless EPOC using CO oxidation on a Pt catalyst as the probe reaction. The catalytic experiments were performed at 350, 550, 650 and 750°C and the corresponding dynamic reaction rate transients for a series of alternant Ar-H 2 /H 2 O sweeps are shown in Fig. 10 . At the beginning of each experiment, the catalyst was left under reaction conditions for a period of 12 h in order to obtain a stable rate (using an Arsweep on the sweep side).
Upon introduction of the H 2 /H 2 O flow on the sweep side of the reactor, a chemical potential difference of hydrogen species across the membrane is created. This will act as the driving force for these species to migrate across the membrane and spillover on the catalyst surface to impose a similar modification to the catalytic rate as in classic EPOC [18] [19] [20] . The effect on the catalytic rate (promotion or poisoning) depends on the nature of the promoting species (electronegative and electropositive) and the adsorption status of the reactants. In the present case where a high oxygen excess is used, the oxygen coverage on the catalyst is expected to be predominant. Therefore, the catalytic rate could be promoted by enhancing the adsorption of CO through the presence of an electronegative promoter; CO acts as the electron donor in the presence of the strongly electronegative oxygen [42] . The prevailing mechanism in oxidation reactions with a proton conductor suggests that EPOC effect is due to the formation of hydroxyl-promoting species on the catalytic surface. According to this theory, protons migrate via the Grotthuss mechanism from the solid electrolyte to the catalyst/gas interface, where they form a promoting hydroxyl group through reaction with absorbed O atoms [43] . Figure 10a shows the catalytic rate transients at 350°C where the reaction rate stabilised at an approximate value of 0.87 μmol s −1 cm −2 under Ar-sweep. Upon introduction of the H 2 /H 2 O flow on the sweep side of the reactor, an increase in the reaction rate was observed. This was in the form of a sharp increase (possibly an artefact due to the back pressure created by the switch to the new sweep gas) followed by a gradual settling to a new (higher than the Ar-sweep rate) steady-state value of approximately 0.9 μmol s −1 cm −2 , constituting a modest 3.4% rate increase. This promoted rate was sustained for the duration of the H 2 /H 2 O-sweep (in excess of 10 h). The promotion on the catalytic rate promotion can be correlated to the features previously discussed: proton migration to the catalytic surface would form hydroxyl species (electronegative promoters) which increase adsorption of the electron donor (CO). Due to the high excess of oxygen in the reactor, the reaction would be positive order to CO and thus the rate is increasing. Upon return to an Ar-sweep, the reaction rate almost returned to the original value of the unpromoted state, ca. of 0.87 μmol s
. It is interesting to note that the phenomenon is rapidly reversed upon re-introduction of the Arsweep. This is very different from the behaviour previously [23] used for the modification of Pt catalytic activity for ethylene oxidation. In the case of the mixed oxygen-electronic conductor, the catalytic rate remained to the promoted state upon re-introduction of the inert gas sweep, while in the case of the mixed protonoxygen ion conductor, there was also a rapid restoration. This fact suggest that the promoting species are possibly the same in both cases of protonic conductors, while it points away for the possibility of any oxygen ion mobility for the BCZY support at this temperature. The reaction follows similar behaviour at 550 and 650°C as shown in Fig. 10b , c. The imposition of the H 2 /H 2 O-sweep results in a ca. 5 and 10% rate increase at 550 and 650°C, respectively. In these experiments, three cycles of Ar-H 2 /H 2 O sweep steps were performed in order to investigate the repeatability of the phenomenon. The use of the H 2 /H 2 Osweep results in a ca. 5 and 10% rate increase at 550 and 650°C, respectively, and upon the use of Ar-sweep, the reaction rate tended to drop close to the original unpromoted value. The observed rate increase was of a similar magnitude for all three cycles of each experiment at these temperatures although there was a gradual decline of the overall catalytic rate after each cycle.
A very different behaviour was observed for the catalytic experiment at 750°C (Fig. 10d) . During the first H 2 /H 2 Osweep, the reaction rate decreased and then upon the reintroduction of Ar-sweep decreased further to stabilise at a lower value. Further cycles did not have any effect on the reaction rate. It is known that the conductive properties of BCZY are gradually changed with the elevation of temperature and the oxygen ion conductivity becomes dominant in the presence of steam or oxygen at temperatures above 700°C [3, 24] . Even at the initial step with Ar-sweep, an oxygen chemical potential difference exists across the membrane due to the high oxygen excess in the reaction side. Hence, taking in account the increased oxygen ion conductivity of the membrane at this temperature, it is possible for adsorbed oxygen to be removed from the catalyst and transport through the membrane to the sweep side. Removal of oxygen ions from the catalytic surface would disfavour the adsorption of the electron donor (CO) which determines the reaction kinetics under these conditions. This is potentially a reason that the reaction rate during the initial step with Ar flow in the sweep side (2.3 μmol s
) is lower than this of the corresponding stage at 650°C (2.44 μmol s −1 cm
−2
). During the next step of the cycle, the introduction of the H 2 /H 2 O-sweep creates hydrogen chemical potential gradient across the membrane which can activate proton transport from the sweep side to the reacting side, for an overall ambipolar diffusion of protons and oxygen ions. This means we now have two competing mechanisms that each could affect the reaction rate, but if oxygen flux is overall higher, the further decrease of the reaction rate can be explained. In the second and third cycles, it appears that these two competing mechanisms of conduction are in equilibrium and hence no further changes to the reaction rate are observed. However, it is difficult to provide any further interpretations for the catalytic rate changes under this very complex conducting behaviour.
Stability of the Pt/BCZ20Y20 membrane
The good chemical stability that BCZ20Y20 showed during the characterisation experiments of the powders was the main reason to be selected for the catalytic application. The reaction between BCZY and CO 2 takes place only at the gas-solid electrolyte interface and therefore a dense membrane would be expected to offer enhanced resistance to carbonation [35] . In addition, the stability of BCZY powder was proven under the exposure in a 100% CO 2 atmosphere, while during the catalytic experiments, the produced CO 2 inside the reactor was maintained at concentrations between 0.25 and 0.65% of the total gas mixture. Figure 11 shows the XRD patterns for a Pt/BCZY surface of a duplicated membrane exposed in the same conditions, as the one used in the catalytic tests. Although the fresh membrane had minor impurities of CeO 2 -like and BaCO 3 phases (probably due to the sintering and catalyst deposition procedures), the main perovskite phase was retained under these conditions and the relative intensity ratio between the BCZY peaks and the secondary phases peaks did not change. Hence, there was no sign of further decomposition observed for the BCZ20Y20. In addition, there was no indication of mechanical degradation for the tested membrane.
Conclusions
BaCe 1 -x Y x O 3 − δ (BCY) and BaCe 0.8 − y Zr y Y 0.2 O 3 − δ (BCZY) compounds were prepared by an aqueous sol-gel technique and calcined at 1100°C and 1250 or 1400°C, respectively. These materials were tested for their water uptake capability and stability in CO 2 as potential candidates for intermediatetemperature applications such as Electrochemical Promotion of Catalysis. Among the BCY compounds, the highest water uptake (related to the material's protonic conductivity) was obtained for this containing the highest Y-level, BaCe 0.8 Y 0.2 O 2.9 (BCY20), while the protonic defect concentration was higher than 80% for all the BCY samples during isothermal TGA measurements. Keeping Y-content in the Bsite at 20%, further substitution of Ce 4+ with Zr 4+ was investigated in order to enhance the material's chemical stability without much expense in proton conductivity. Isothermal hydration TGA showed that Zr-doping gradually decreased the water uptake at 450°C. Experiments for stability under CO 2 showed that BaCe 0.8 − y Zr y Y 0.2 O 3 − δ (BCZY) compounds for y ≥ 0.2 are stable for temperatures up to 450°C and retain their perovskite structure even after heating up to 1000°C, despite the harsh conditions were used in the work (p CO2 = 1 atm). Kinetic analysis for BCZY decomposition in CO 2 was performed by utilising two different methods and good agreement between the results was observed. Zirconium doping induced a decrease in the activation energy of the decomposition reaction; however, the reactivity was overall restricted as the pre-exponential factor was also decreased by several orders of magnitude for increasing Zr content.
Taking in account the hydration and stability properties of the tested materials, BaCe 0.6 Zr 0.2 Y 0.2 O 3 − δ was used for the wireless EPOC of CO oxidation on Pt. A modest rate modification was observed upon the introduction of protonic promoting species supply to the catalyst surface for temperatures up to 650°C (where the material behaves predominantly as a proton conductor). The promotional effect on the catalytic rate was reversible and repeatable, showing that this membrane can effectively regulate the activity of the supported catalyst.
This preliminary work under reactive conditions using a wireless configuration (i.e. utilising the material's electronic mobility even at such low temperatures), in conjunction with the post-op XRD of BCZY powders, indicates that BCZY shows a lot of promise as a material in catalytic membrane reactors and applications involving reactions of environmental importance where H 2 transport required. 
